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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

PRESSURE DROP IN COOLANT PASSAGES OF TWO AIR-COOLED
TURBINE-BLADE CONFIGURATIONS

By W. Byron Brown and Henry O. Slone

SUMMARY

Pressure snd temperature changes in the cooling eir flowing through
air-cooled gas-turbine blades have been measured experimentally in a
static cascsde on a 10-tube blade for both iscthermal and nonisocthermal
flows, and on a 13-fin blade for isothermsl flows. Values of pressure.
and tempersture were obtained for a range of cooling-gir flows corre-
sponding to Reynolds numbers from 5,000 to 40,000; a Mach number range
from 0.05 to 1.00; and for heat-transfer rates produced by ratios of
hot-gas to blade-entrance cooling-sir temperature from 3.08 to 0.57.

Friction coefficlents were computed for all of the tempersture ratios
and the values were compared with values of friction coefficient celculas-
ted from von Kdrman's equation for turbulent flow in smooth round pipes.
When there was no heat transfer, the computed coefficlents for the
10-tube blade sgreed with those values calculsted from the von Karmén equa-
tion. PFriction coefficients obtained for the 13-fin blade were approxil-
mately 11 percent below the von Karmén values ; but they were in agreement
with friction coefficients obtalned for smell rectangular ducts of lsrge
aspect ratio. When heat trensfer occurred, the friction coefficlent
decregsed with increasing hegt-transfer rates, in sgreement with other
NACA experiments. The friction coefficients were spproximgtely 24 percent
below the von Karman values when the ratio of hot-gas to cooling-air
temperature was 3.08.

In order to calculate gn over-gll pressure drop through an air-cooled
blaede and reduce the labor required in the numerical Integration of the
differential equation of momentum, simplified one-dimensional flow equa-
tions were developed for blades in static cascades snd extended to blades
in a rotating turbine. Over a range of blade spans from 2 to 6 inches,
heat-transfer rates from 68 to 272 Btu per hour per square foot per °F 5
end ratios of hot-gas to cooling-air temperature from 1.00 to 3.08, the
errors in the computed blede-entrance pressures resulting from using
these short-cut methods were within gpproximately 5 percent of the meas-
ured values., It was found that the value of friction coefficlent that
is reguired in the simplified and the exact £low equations may be deter-

mined from von Kérman's eguation for isothe:mt}NeY_AISWfEBes if
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the error in the computed pressures may be as much as 6 percent: If
greeter accuracy is desired, von Kdrman's value of friction coefficient
may be corrected for the effect of heat transfer. A procedure for the
calculation of an over-gll pressure drop through an sir-cooled blade is
suggested, and a numerical example is presented wherein a blade-entrance
static pressure is computed using the simplified flow equation for an
gir-cooled blede 1n a static cascade.

It wes found that entrance losses to gir-coocled turbine blades may
be quite large, comparable with those inside the blade; they should be
measured in any study of design performance. .

INTRODUCTION

Alxy cooling of alrcreft gas turbines is belng investigated at the
NACA Iewis laboratory to find low-alloy steels that msy be substituted
for the critically scarce high-temperature materlals currently being used,
and to find a means of Increasing gas temperatures in order to provide
substantial increases in specific power output. In many aircraft engine
applications, the cooling air required for the engine would be bled from
the engine compressor. 1In order to minimize the compressor work required
for the cooling alr and to keep the cocling-glr tempersture as low as
possible, it is deslrable to bleed the compressor st a point at which the
pressure level 1s no higher than the required coolant-supply pressure.
The factors which affect the required coolant-supply pressure and there-
fore the compressor bleed point are: (1) duct losses from the compressor
to the turbine, (2) pressure ratio of the air as it passes through the
turbine disk, (3) entrance losses at the entrance to the turbine blades,
and (4) pressure losses through the turbine blades. The largest pressure
losses are expected to occur through the blades and in the blade entrance
sections; therefore, a knowledge of the methods for analytically evalua-
ting these two logses would greatly reduce the experimentetion required
in determining blade losses and provide a design basis for cooling

gsystems capable of efficient operation at the minimum coolant-supply . e

pressure levels.

Some of the formules required for calculeting the preassure change
between the root and the tip of air-cooled turbine blades as well as
suggested experiments for securing the needed correletion datm are given
in reference 1. These formulas are based on the analyses of references 2
and 3, and the principal parsmeter involved 1n the formulas 1s the
friction coefficient—in the blade passage. Friction coefficients have
not been previously measured in blade ‘coolant pasgages or similar passage
configurations. However, friction coefficients for 1sothermsl fully
developed turbulent flow in straight pipes have been studled extensively
and are.briefly summarized in reference 4, With the use of the equations
for veloclty distribution with fully developed turbulent flow, von Karmén

(reference 5) predicts a relationship between friction coefficlent and —_—

Reynolds nmumber for smooth pipes which f£its the experimental data.
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Few data are avallgble on friction coefficients for nonisothermsl flow,
glthough methods are suggested Iin references 4, 6, and 7, whereby the
friction coefficient obtained for isothermsl flow can be used for noniso-
thermal flow if the Reynolds number used in the correlation 1s based on
speclal tempergtures. Some dsta for rectangulsr air passages under
nonisothermgl condltiong are presented in reference 8.

A pressure-drop investigation was underteken on two air-cooled
turbine-blade configurations in order to (1) determine experlimentzl
friction coefficients for both isothermsl and nonisothermsl flows and
thus check the vealidity of using pipe friction coefficients in calcu-
leting air-cooled-blsde pressure drops, (2) use the data to develop a
simplified flow equation for calculating over-all pressure drops through
gir-cooled blades and thus eliminate the tedious step-by-step numerical
integration of the flow equstion reported in reference 3, (3) use the
data to examine the msgnitude of entrance losses which might be expected
in the entrance sections of agir-cooled blades, and (4) recommend a
procedure that may be used for the calculstion of alr-cooled-blasde pres-
sure drops.

Thig lnvestigation was conducted 1n a static cascade because a
gregter gmount of Instrumentation could be used. Pressure drope were
measured experimentally for two air-cooled-blade configurations for
isothermal and nornisothermal flows. A 10-tube blade was chosen for one
of the blade configurations because such a blade appears t0 be promising
and practical for alr-cooled turbine rotore (references 9, 10, and 11).
A 13-fin blade was chosen as the other blade configuration primarily
because it has an Internal cooling passsge which is quite different from
that of the 10-tube blsade.

The results of this Investigation are presented for a range of
cooling-aiyr flows giving Reynolds numbers from 5000 to 40,000; a Mach
number range from 0.05 to 1.00; and for hegt-transfer rates produced by
ratios of hot gas to blade-entrance cooling-sir tempersture from 3.08
to 0.57 for the 10-tube blade; and for a ratio of hot gas to blade-
entrance cooling-gir temperature of 1.00 for the 13-fin blade.

ANATYSTS
General One-Dimensionsl Flow Equations

The genersl equations which give the pressure distribution in one-
dimensional gas flow through a channel are stated gnd derived in refer-
ence 2. These general equations are adspted to the case of rotating
blade coolant passages in reference 3, where the pressure distribution
(in the notation of this report) is given by the equation
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D Aex Ma o 1+ 3 Mex

— (1)
Pex A M T'a: 1+Ié—ll\{z

(A1l symbols used in this report are defined in appendix A). Thus, the
presgure at sny point can be calculated from the values of blade flow
area, Maech number, and total cooling-sir tempersture at thet pointi—

The variation of Mech number of the alr—through the turbine blade

coolant passage has been developed In reference 5. This variation, in
the notation of the present report, is:

2
A R I

(2)

The terms Iy, Ip, Iz, and I, are influence coefficients equal to

M1+ nf) (1 + 5= o)

i 1 - M @)
YMA(1+I$M2)

If"_“' 1-MZ (4)
l+%—le

IR:T (5)

2 .(1+I;7]-'M2)
Iy = - Y (6)

Becguse Ig, Ip, Iz, and I, eare functions of M only, the Mach number

distribution can be found from equation (2) when the temperatures, fric-
tion coefflicient, rotation, and blade geometry are known. Then, sub-
stitution of the Mach numbers in equation ( 1) will give the static-
pressure distribution through the blade.

T/5T
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Determination of Experimental Blade-Passage
Friction Coefficients

In order to check experimentally the validity of using pipe friction
coefficients to compute pressure drops through air-cooled blades, the
method discussed in reference 1 in conjunction with equetion (2) can be
used to determine g blade-pessage friction coefficlent. This operation
consists of assuming a velue of friction coefficlent, solving eguation (2)
mumericaelly for a blade entrance Mach number with an experimental value
of blade exit Mach number, and then adjusting the velue of the friction
coefficlient until the value obtained for the entrance Mach number agrees
with the experimental value of entrance Mach number.

No heat transfer. - For the case of a statlionary constant-coolant-
passage-area bldde with no heat transfer, the temperature, rotational,
and srea terms of equation (2) drop out ard the resulting equation can
be integrated directly to (see appendix B)

M_%14+o0.2M 2

—2o = 2o+ 1.2 In =X o 220 (1)
Min Méx Min 1+ O'ZMéx Dh

The value of ¥ is assumed to be 1.4 for the air passing through the
blede. Thus, for the case of no heat tranefer, a blade-passesge friction

coefficient can be determined from equation (7).

Heat transfer. - For the statlionary constant-coolant-passage-srea
blade, with heat transfer, only the rotationsl and ares terms of egua-
tion (2) drop out so that equation (2) may be written

af Ipgp  LeAfD (8)
& "T & oy

Even when reduced as in this case, equation (8) cannot be integrated in
an exact closed form. It can, however, be Iintegrated by the mumerical
methods reported in reference 3 and the blade-passage friction coeffi-
clent can be determined as explained in reference l. For simplificetion,
a linear variation of the total cooling-air tempergture through the blade
passsge is assumed becsuse it was shown in references 2 and 3 that the
spanwise cooling-gir temperature distribution curve is nesrly linear.
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Development of Simplified One-Dimensionsal Flow Egquation
for Calculation of Over-gll Pressure Drop

The solution of equation (2) or (8), which is used in conjunction
with equation (1) to obtain a pressure drop, involves a numerical inte-
gration which is quite tedious and time-consuming. Because In many cases
only the over-all pressure change through the blede coolant passage is
desired, a shorter method of obtaining the pressure change has been
developed which dispenses with the step-by-step numerical integration of
reference 3.

S8implified equation for static cascade. - When values of Iy and
I, are substituted in equation (8), sn integration can be carried out
(see sppendix B for the derivation) resulting in

1 1 +lZlnMex l"'OZMin 4fb‘r
2= 2 .
Min Mex M:Ln l+02M Dh
pin e » Zlox T (1) ©)
T in ® M2T' /m

The parameter ¢ which is used to evaluate the integral 5-}—12—— between

the blade entrance and the blade exit 18 & ratioco of the arithmetic and
true value of MZlT‘ and is defined as (see sppendix B)

), @) ]
Tlex - T'inJAT,in :FT;'

The distribution of M , needed to evaluste the term under the integral
sign, cen be obtained from a numerical integration of equation (8). By
this procedure, ® will be calculated for desirsble ranges of M and
T', and charts are presented in this report from which values of ¢ may
be obtained for use in equation (9). These charts may be used for blade
conflgurations and conditions similar to those of this investigation.

P = -

(10)

Simplified equation for rotating turbine. - For the case of a
rotating turbine, wherein the blade flow area is assumed to be constant,
the values of Ig, Ip, and Iy are substituted in equation (2) and an

integration is cerried out (see sppendix B for the derivation) resulting

in
<+l

2512
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MZex 1+ 0.21-12in

Tl’
-zl—-.—.Mz—l-+l.2lnMZ = +4£ZT+Yln,_ex+
M:Ln ex inl+0.2Mex Tin
T - 2afr, b
ex in l) _ in l+'r-le> 1 1 14 b
Pw MET! &R 2 n P \MPT' / Tin

(1)

The subscript @ indicates that ¢ 1s evalusted for a rotating turbine.
It will be polnted out in a later section, however, that the effect of
rotation on ¢ 1is negligible and that the charts of ® for static
cascades can be used without Introducing any appreciable error.

The perameter ¥ 1s defined as (see appendix B)

S
1.0
dy

o Memr

(12)

This parameter 1s evaluated in a megnner similsr to ¢ and charts are
presented in this report from which values of ¥ masy be cbtained for
use in equstion (:I_'L) . These charts may be used for blade configurstions
similar to those of this investigation.

Determingtion of Experimentsl Entrance loss Coefficient

Aside from the pressure loss 1n the turbine blade, losses occur at
other places in the air passage: at the entrance section to an air-
cooled turbine blade; at contractlions, enlargements, or obstructlons;
and at bends. The change in velocity or velocity distributlion entails
losses which in some cases comprise a relatively large part of the total
loss and cause a considerable part of the resistance to flow. In this
investigation, the entrance section to the air-cooled test blade is
essentially a sudden contraction (see fig. 1). According to reference 4
(p. 122), the friction caused by a sudden contraction of the cross-
sectionel area of a pipe, or that at a sharp-edged entrance to a pipe,
mey be calculated from the formula

F=—3g (13)
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whére F 1s the friction due to sudden contraction, foot-pound per
pound of fluld; Vi, 1s the average linear velocity downstresm, feet
per second; and X d1s the entrance loss coefficlent which 1s a function
of the ratio of the smaller cross-sectional area to the larger.

In order to calculate a valne of K for the entrance section of
the alr-cooled test blades used in this investigation, equation (13) was
rearranged as follows:

2
£p' = gF = El—wgé‘l— (24)
where
Vin —i’g (15)
and
p = %‘; (18)

Woen equations (15) and (16) sre substituted in equation (14) (where
Ap' = P'l-p'in.)and the result is divided by pi,,

1. pt wZT
Py Pin=K< )R (17)

Pin A Pin 2g

When equation (17) and experimentsl date are used, a curve can be plotted
on logarithmic coordinetes from which X can be determined.

APPARATUS AND INSTRUMENTATION
Equations (7), (8), and (17), presented in the ARAIYSIS section,
mey be used to calculate the experimental blade-passage friction coeffi-
clents and an experimental entrance loss coefficlent once the sppropriate

total and static pressures, the total cooling-air temperstures, the welght

flow of the air passing through the blade, and the blade geometry are
known. This investigation of friction coefficients and entrance losses
for air-cooled blades was conducted 1n a statlc cascade wherein a greater
gnount of instrumentstion could be installed than In an actual rotating
turbine,

PARE
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Test Facility

A sectional view of the blade test section used in this investigation
is shown in figure 1. Cambustion alr passed successalvely through a flst-
plate orifice, a combustor, a plenum chamber, the test section, and into
the exhaust system. TFor the heat-transfer Investigations, a gasoline
combustor, which was capable of giving gas temperatures from 300° to
1000° F, was used. The inlet duct to the test section was equipped with
a bellmouth to insure a uniform velocity profile at the entrance to the
cascade. The setup was insulated against heat loss, from just downstream
of the combustor to just downstresm of the test sectlon.

A cascede of seven blades was placed in the test section as shown
in figure 2. The test blade, installed as the center blade, was the
only blade through which alr was passed. The other six blades had the
same profile as the test blade. The air that was supplied to the test
blade was obtained from the laboratory refrigerated air system; 1t could
be heated by means of an electric heater in the supply line. The air
passed successlvely through a plemum chamber, the entrance-blade exten-
sion, the test blade, the exit-blade extension, the plenum chamber, a
flat-plate orifice, and then into the lsboratory exhaust system (see
fig. 1). Because 1t wes impossible to conmect the plenum chambers
directly to the blade, entrance and exit blade extensions were used to
conduct the air from the entrance plenum chamber to the test blade and
from the test blade to the exit plenum chamber. The entrance-blade
extension has a span of 6 inches and the exit-blade extension has a span
of 3 inches. Both extensions have an Internal free flow area of
0.043 square inch, -a hydraulic diameter of 0.396 inch, and slots cut imnto
their surfaces in order to reduce the amount of heat conducted from the
hot test blade.

Blade Description

The air-cooled turbine blade configurations used in this investi-
gation are & 10-tube blade and a 13-fin blade. Photographs showing the
end views of the two blades sre presented in figure 3. The geometric
factors pertinent to the two blade confilgurations are given 1n the

following table:

10-tube blsde | 13-fin blade
Blade chord, in. 2.00 2.00
Outside perimeter, in. 4.35 4.53
Span, in. 3.92 3.50
Total free-flow area of 0.181 0.0962
internal cooling-air passage, sq in.
Oydraulic dismeter of .103 .0670
internal cooling-air passage, in.

- !— —_—— .
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10-tube blade. - The 10-tube blade used in this investigation was
the same as the 10-tube blades used 1n the lnvestigetion reported in
reference 9. The outside wall of the blade tapered linearly from the
root to the tip for reductlon of stresses during engine operation. The
taper was not required for the cascade investigation, but it did not
affect the results obtained. The nomlngl thickness of the wall at the
tip was 0.040 inch and at the base, 0.070 inch. The blade shell was
cast of high-temperature alloy X-40. The hollow blades were so cast
that the core area was constant over the length of the blade. In order
to increase the internal hest-transfer surface, 10 tubes were inserted
in the hollow blade. They extended through the blade fraom tip to base.
These tubes were brazed to each other and to the inside surface of the
hollow blade by 'Nicrobraze. Of the ten tubes, four were 0,125-inch
outside-diameter stainless steel with a wall thickness of 0,010 inch;
end six were 0.156-1nch cutside-diameter low-carbon steel with a wall
thickness of 0.0155 inch. The view of the blade tip (fig. 3) illustrates
the tube arrangement. The blade span, 3.92 Inches, was the same as that
of the blades investigated in reference 3.

13-fin blade. = The 13-£in blade used in this investigstion was
originally designed for heat-transfer investigations in a static casceade.
The blade was machined in two parts, and upon assembly the parts were
welded together at the leading and tralling edges; therefore, the 13
cooling fins gre not continuous (see fig. 3). The fins have an average
thickness of 0.036 inch, and the average fin spacing is 0.046 inch. The
blade was machined from.high—temperature glloy S-816.

The 13-fin blade configurstion had a span of 3.50 inches, which was
shorter than the span of the 10-tube blade. The span was shorter because
the blade was originally designed for a cascade of blades of this length.
The difference in blade lengths does not affect the results of this
investigation. o .

Instrumentation

In order to calculate friction coefficients for a blade coolant
pessege, it is necessary that the pressures and the temperatures of-the
alr in the blade passage be known for a range of air flows. The instru-
mentation used in this investigation is shown in figure 1. Pressure
taps and thermocouples were placed in the inlet and exit plenum chembers.
Four static-pressure probes hsving an outside diasmeter of- 0.030 inch were
inserted into four representative passages of the test blade (see fig. 1).
Two probes were used to measure-the static pressure at the blade entrance,
and two probes to meassure the static pressure at the blade exit. The
blade temperature distribution was measured by 11 thermocouples in the
blade wall around the blade perimeter &t the midspan.

AR A
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In order to correct the cooling-zir total temperstures measured In
the plenum chembers for any heat picked up in the entrance- and exit-
blade extenslons so that the total cooling-air temperatures at the blade
entrance and exit could be obteined, thermocouples were placed in the
walls of the blade extensions. The entrance-blade extension had 12
spanwvise thermocouples located at the midchord position and the exit-
blede extension had 7 spanwise thermocouples glso located at the midchord
position, It was assumed that these thermocouples would give a repre-
sentative Iintegrated average of the wgll temperatures of the two exten-
sions.

The total temperature of the cambustion ges was measured with three
thermocouples loceted Iin the plenum chember upstream of the test section.
The zlr welght flow was meassured by means of a Flat-plste orifice down-
stream of the test section.

EXPERIMENTAT. PROCEIXJRE

The operating conditions used 1n this investigation are listed in
chronological order in table I. Note that no-heat-transfer investigations
were conducted between hegt-transfer investigstions in order to provide
a check on the experimental setup.

In order to calculste friction coefficients from equation (7) and
(8), the cooling-air static pressures and totsl temperatures are required
at the blade inlet gnd exit for a range of cooling-gair weight flows.
Pressure drops were obtained through the 10-tube and 13-fin blades for a
range of air weight flows with no heat transfer, T'g/T'in = 1.00; and

through the 10-tube blade with heat tramnsfer, T' /T';; >1.00; and
reverse heat transfer, T'g/T'in < 1.00. For the heat-transfer investi-

gations, the gas-to-blade heat-transfer coefficient was held at spproxi-
mately 136 Btu per hour per square foot per OF and the heat-transfer
rate was varied by chsnging the temperature of the hot gas.

Static pressures were measured in the blades under investigation by
inserting four static-pressure probes in four representative blade-
coolant passages (fig. 1). In this way, two static-pressure readings,
which were nearly identical, were obtained at the blade entrance and two
readings at the blsde exit. The two pressure resdings at the blade
entrance were averaged and the resulting value was assumed to be repre-
sentative of the static pressure which would be obfalned at the blade
entrance 1f messurements were made in each blade coolant passsge. This
same procedure was gpplied at the blade exit.
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Cooling-air total temperatures were measured 1n the entrance and

exit plemum chembers. For the no-heat-transfer studies, these messured v
temperatures were assumed tc be the same as those cooling-ailr temperstures

which would exist at the blade entrance snd exit. In the heat-transfer

studies, however, the cooling air picked up heat as 1t passed through ]
the entrance~ and exit-blade extensions. Therefore, the temperatures b
that were measured in the plenum chambers were so adjusted that the EZ
resulting calculated temperatures were those occurr:Lng at the blade .
entrance and exit. -

For the case of T'g/T'in = 1.00, the combustion-gas flow wes sup-

plied from the lsgborstory air system at spproximastely 100° ¥F. The
cooling air was heated so that the gas and cooling-air temperstures were
approximstely the same. A gasoline combustor was used when

T'g/T'in >1.00 so that the gas temperature could be varied from 300°

toc 1000° F. As before, cooling air was obtained from the refrigerated
air system but in this casse the cooling-air temperature was allowed to

remain at the tempersture at which it was supplied. After the cooling-~
air welight flow was set by asdjustments in the blade pressure drop, o
frequent checks were made on the blade temperatures in order to ascertaln R
when steady state conditions were reached. When the blade temperstures
remained steady for approximately 15 minutes, the necessary readings

were taken. For T'o/T';; <1.00, the air paseing through the coolant

passage was heated to temperatures of 300° and 500° F and the combustion-
ges flow remained atthe temperature st which it was supplied, 100° F.

CAICUIATION PROCEDURE

Once the blade entrance and exit Mach numbers and cooling-sir total
temperstures are- determined from the data obtained in the static-cascade
investigation, experimental friction coefficlents masy be determined. -
The calculstion of friction coefficlent requires that the distribution '
of MPT' be determined for all of the canditions of the heat=transfer : ——
case. These distributions are also used to evaluate the parameters @
and ¢ and the resulting wvalues are used to comstruct the charts regquired
for the solution of the simplified flow equations (9) and (11). In .
addition, the experimentsel data are used to determlne an entrance loss
coefficient for the air-cooled hlsdes under Investigastion.

Method of Obtalning Experimental Blade-Passage
Friction Coefficient .
The experimental blade-passage friction coefficilient is calculated

by use of equations (7) and (8). In either equation, it 1is necessary .
to know the blade entrance and exit Mach numbers. These Mach numbers
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are obtained from the following equation (reference 3)

2
-1 RT"

I = (1 + L=wd)= T (18)
A'gp

The expression yM (1 + 122 M) is tebulated as the influence coeffi-

cient I, 1in table I of reference 3; therefore, M can readily be
determined from I, once the right side of equation (18) is computed
from experimental measurements.

No heat transfer. - Once values of the blade span, the hydraulic
diemeter, and the entrance and exit Msch numbers were known, experimental
blade-passage friction coefficients for the no-heat-transfer studies
were calculated from equation (7).

Heat transfer. - Friction coefflcients were calculated from a
numerical integration of equation (8) for the heat-transfer studies.
Because of the effect of heat transfer, however, the cooling-air tempera-
tures that were measured in the entrance and exit plenmum chambers were
not the values that would occur at the blade entrance and exlt bhecause
the cooling air picks up heat ss it paesses through the entrance- and
exit-blade extensions. Therefore, in order to calculate T';, and

T'ox 1t 18 necessary to determine the smount of heat transferred from

the wells of the entrance- and exlit-blede extensions to the cooling air.
In this way, the temperasture rise of the cooling air AT' in the blade
extensions can be computed. The following procedure is used to determine
AT'; for example, the heat transferred from the entrance-blade extension
wall to the cooling alr is given by:

95 = Hy 15 5 bg(T, 5 - T'p 5) (19)

where T is an Integrated average wall temperature for the entrance-

w,3
blade extension, T'm’3 is the average cooling-air tempersture in the
entrance-blade extension, and the blade-to-coolant heat-transfer
coefficient Hz (in the notation of this report) is given by equa-

tion (4c) in reference 4 (p. 168) as

HDy 3 0.8 _ 0.4
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where
3
Re, = —2 21
53 AS “5 ( )
and.
C_ i
33
Pry = ~P-k!-3—— (22)

The gas properties are evalusted on the average cooling-alr temperature
in the blade extension.

Because

Az = Wep 3 AT = (23)
equation (19) and (23) may be combined to give

- m
Ay = By 333 5T, 5 = T'p a)
wcp,s

(24)

The temperature rise of the cooling alr in the entrance-blade extension
is given by equation (24). In order to calculate AT'z, base the gas

properties on T'l and then substitute the relationship

T'm,s = % AT'x + T'; 1n equation (24). Once AT'z 1s known, it can
be added to T'y to obtain T';,. This same procedure was spplied to
the exit-blade extension wherein AT'4= was subtracted from T's to

cbtain T* ex*

Once the static pressures and cocling-sir total temperatures at the
blade entrance and exit and the cooling-air welght flow through the
blade asre known, the Maech numbers at the blade entrance and exit may be
determined as befare from the relation given by equation (18). Then,
the method discussed in reference 1 can be used to compute the frictiom
coefficient f in equation (8). Thils method consists essentimlly in.
sssuming a value of f, solving equation (8) mmerically for M;, with

a known starting value of Mex and adjusting £ until the value obtained

for M;, eagrees with th_e_}_mcwn observed value. The value of Ip and
I, ere determined from table I of reference 3. A detailed method for
solving equation (8) is pregented in reference 3.

. .

gree
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Method of Evaluating Parameters for Simplified Equations

The simplified one-dimensionsl flow equations (equations (9) and
(11)) in conjunction with equation (1) may be used to calculste a blade-
entrance static pressure once the exit Mach number, cooling-agir tempera-
ture distribution, blade geometry, blade-passage friction coefficilent,
and equetion parsmeters are known. The use of equations (9) amd {11)
for determining I‘@in involves some successive gpproximstions because

this unknown number occurs 1n the egquatlon more than once, but it does
not teke long compared to the time required for the mumerical integratiouns
of equations (2) and (8). A sample calculation wherein equation (9) is
used to compute a blsde-~entrance static pressure for a typical hest-
transfer study is presented in sppendix C. The use of equations (9) amnd
(11) necessitates the evaluation of the parameters ® and +; the method
of obtaining ® and ¥ 1is therefore discussed in the follawing

sections.

Evalugtion of parsmeter @ for simplified equation. - fEhe parameter

® may be determined from equation (10) once the distribution of MET

is known. Beczsuse this distribution may be obtained from g numerical
solution of eguation (8), and equation (8) was used to determine friction
coefficients for the heat-transfer study, the parameter P will be
evaluated for the experimental dgta of this investigstion.

T
When ¢ is calculated from equation (10), the integral f%g—TT

1
be written in the form wx j o because AT/dy is a constemt value
T'

since the cooling-air tempersture distribution curve was assumed to be
linear in thils investigation (y is a dimensionless number which is
measured from the blede exit to the blade entrance). Therefore, when

1
-——gfr e is substituted in equation (10), the denominator of eque-
T .
1 gy
tion (10) becomes . B because -dT'/dy = T'gy - T'yn. Thus, when

the distribution of M2 and T' 1s known for all of the heat-transfer
studies, ¢ can be calculated from equation (10) for each of the points.

In order to determine the psrameter @ Iin the case of no-heagt-
L
transfer studies, the integral 3y which will appear in the denomina-

o W
tor of equation (10) may be evaluated by the direct integration of
equation (8).
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Eveluetion of parameter ¢ for simplified equation. -~ The parameter
¥ 1s determined from the experimental date of this Investigation in the
seme manner that the parameter @ 1s determined. That is, a distribution
of M 1is obtained from a numerical solution. of equation (8) and the
cooling-air temperature distribution is assumed to be linear. Then,
ie evaluated from equation (12).

Method of Obtaining Experimental Entrance Loss Coefficilent

An experimental entrance loss coefficient for the entrance section
of the 10-tube blade is obtained by plotting equation (17) on logarithmic
coordinates and determining X froam the plot.

RESULTS AND DISCUSSION

The results of the experimentsl investigation of blade passage-
frictlon coefficients for the two air-cooled hlsdes are presented in
figures 4, 5, and 6, and are discussed in the following sections of this
Also, figures and discussions of the simplified flow equations
and the effect of entrance losses are presented.

In presenting the resulbs of this Ilnvestlgation, the parsmeter
chosen to represent the heat-transfer effects is the ratio of the
cambustion-gas temperature to the blade entrance cooling-air temperature
Gy /'I"in The perameter generally used in thecretical studies (see

appendix D) is the ratio of the wall temperasture to the temperature of
the cooling alr. In a practical design problem, the gas temperature is
known and the cooling-sir temperatures can be readily determined whereas
the wall tempersture is usually unknown and it is difficult to cslculate.
It will be shown later that s change of 100 percent in the test condi-
tions of thils investigation affects the computed blade entrance static

presgure less than 5 percent. Therefore, the ratio T'g/T‘in, although
not an ideal parameter, can be used over an extensive practical range.

Experimental Blade-Passage Friction Coefficients

Friction coefficients were obtained for the no-hest-transfer studles
80 that the resulting values could be compared with values of the friction
coefficient obtained for isothermal flow in round plpes. Reverse heat-
transfer investigstions were conducted in order to extend the data for
determining the effect of heat transfer on friction coefficients.
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No heat transfer. - The values of the friction coefficlient f for
the 10-tube and 15-fin blades, as determined from experimental data and
equation (7) , are plotted against Reynolds number in figure 4. The gas
properties in the Reynolds number are evaluated by use of the average
of the blade entrance and exit cooling-alir temperstures; the character-
istic dimension is the mean hydrsulic dismeter, that is, £ times the
total free~-flow area divided by the total wetted perimeter.

Friction coefficients are compared with a curve computed from von
Kerman's equation for turbulent flow in g smooth round pipe. This
equation is (reference 5)

1 = -
m = 4.0 log (Re ﬁ) 0.40 (25)

Most of the values of f for the 10-tube blade asre slightly sbove the
von Karmén line, and a curve drawn through the polnts would lie 5 or

6 percent sbove the line. A teble, based on the results of reference 12,
is presented. in reference 3 wherein the values of £ obtained from von
Kérmén's equatlion mey be corrected for entrance conditions when the
length-to-diemeter ratic is known. In the present case, the length-to-
hydreulic-dismeter ratio for the 10-tube blasde is 38. The table in
reference 3 gives a ratio of f/va = 1.05 for a length-to-diasmeter

ratio of 40. Therefore, 1f the values of f which were obtained for
the 10-tube blade had the entrance effects eliminated according to
reference 3, they would be reduced spproximgtely 5 percent and the agree-
ment between the 10-tube blade values of f sand von Karmen's line would

be improved.

A_'L'L of the values of £ for the 13-fin blade £all below the von
Kérmén line , about 10 percent on the average. The length-to-diameter
ratio is 52 for this blade; therefore, the ratio of <£/f vk 1s sbout

1.01 by extrapolation from reference 3. (Conseguently, the values of £
for the 13-fin blade would lie spproximately 1] percent below the von
Kérmen line when entrance effects sre considered. This behavior of £
has been obgerved in reference 8 wherein friction coefficients were
determined for three different rectangular ducts having gaps between the
side walls of 9/16, 1/4, and 1/8 inch. In turbulent flow, at a given
Reynolds number, it was observed that f decreased as the gap between
the walls decreased., For the l/B-inch-gap duct, which has a large aspect
ratio, the experimental values of f were a.pproximately 12 percent below
the line for turbulent flow in smooth round pipes as shown in figure 4.
These results were gttributed to the nsrrowness of the rectangular ducts.
Thet is, in turbulent flow, a large part of the pressure drop is caused
by eddy formations, and anything which tends to reduce these formations
should glso act to reduce friction loss. The results of this investiga-

tion show the same trend as the results reported in reference 8.
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Heat transfer. - The values of f for the 10-tube blade with hesat
transfer sre plotted sgainst Reynolds number in flgure 5. IRach part of
figure 5 represents a different tempergture ratic and therefore a differ-
ent rate of heat transfer. (The temperature ratio T'g/'I"in is used

only to signify a rate of heat transfer ) A1l of the values of f for
heat transfer are cotipared with von Kérman's line. Comparilison of parte
(a) to (e) of figure 5 shows that when the temperature ratio is 0.57,

most of the values of f are sbove the von Karman line. As the tempera-
ture ratio increases graduslly to 5.08, the velues of f move downward
until gt a ratio of 3.08, most of them are approximately 24 percent

below the von Karman line. Therefore, as the temperabure ratioc and thus
the hest-transfer increases, the air-c;o_oled-_blqd_e coolant passage friction
coefficient shows a distinct downward trend from the frictlon coefficients

obtained for the case.of po heat transfer.. _ = _ _ o

In order to sepurate the tempersture trend from the Reynolde number
effect, advantage is taken of the fact that over a limited range of
Reynolds numbers, 5000 to 200,000 (reference 4), £ varies inversely

as ReP°Z, Thus, over the range of this investigation, the product

fReC2 should be constant when there is no heat transfer, and any changes
in this product will be due to the.effect of heat trsnsfer. In figure 6,

fReC:2  ig plotted against temperature ratlio and all of the pointe at a
single temperature ratioc are averaged. The result is the line shown in
figure 6, the equstion for which is

0

.2 -0.189
fRe = 0.0483 (m'g/m'm) (26)

When deviations from the line of the individual observed points are used
to calculate the probable error of a single observation, and when thils
probable error is plotted gbove and below this line, the two dashed
lines shown in figure 6 are determined. Thus, if all of the 94 dsta

points used determine the line were plotted, half of them would be inslde
the dotted lines and half would be outside. .

This same trend, a decrease of friction coefficlent with an increase
of the rate of heat transfer to the alr stresm for turbulent flow, is
reported in an investigation on a single round tube (reference 13).
Boundary-layer theory, &s 1s shown in gppendix D, confirms this behavior.
That 1s, according to the table in appendix D, the friction coefficient
should decrease as the rate of heat transfer to the cooling air Ilncrespes
for turbulent flow. Therefore, when the wall is hotter than the cooling
air, the value of f calculated from von Kérmén's equation (equa~-
tion (25)) should be corrected by a temperature factor which in the pre-

-0.189
t
sent case is (T'g/T in) .
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Accuracy of Calculeted Blade-Entrance Statlic Pressures When
Friction Coefficients Used are Other Than Exact Values

In the calculation of air-cooled-blade pressure drops, it is
important to know whether or not ordinary pipe correlations can be used
in determining a friction coefficient. Also, it is desirable to know
how sensitive the calculated pressure is to errors in the value of £
used in the flow equations.

Effect of von Karman frictilon coefficients on computed pressures. =
The effect on computed pressures of using the von K&rmen friction coeffi-
cients was checked by calculgting blade-entrance static pressures for
all of the data points obtalined for the 10-tube blade gt s temperabture
ratio of 3.08. Equations (9) and (1) were used to compute pressures;
the friction coefficient was determined with (2) a value of f calculated
from von Karmdn's equation (equation (25)) and (b) & value of f cor-
rected to account for the heat-transfer effect, that is,

-0.189
- 1 1
= va/(T g/T ; ) . The results of these calculations are presented

in figure 7 where the ordinate is the percentage error between calculated
and measured pressures, and the abscissa 1s the measured static pressure
at the blade entrance. For the first case wherein va is used in

equation (9) (fig. 7(a)), the largest errors thet occurred are about

6 percent; most of them are much less. For the second case vhereln a
corrected value of £ ip used in equation (9) (see fig. 7(b)), the
largest deviations are about 3 percent. In both cases, some of the
error obtained mgy be attributed to errors in the experimental measure-
ments of the static pressures. Thus, for cases where a maximum error of
gbout 6 percent is tolersgble for the calculated pressure gt the blade
entrance, the ordinary von Kérmén value of f can be used in equa-
tion (9). If more precision is desired, f x should be corrected by a

temperature-correction factor.

Effect of error in friction coefficient on computed pressures. -
As @ Turther step, the effect of error in the friction coefficient on
the computed pressures was investigated. Calculations of blade-entrance
static pressures were made with values of f 1in equation (9) which
differ from the exact data point value of £ by 20 percent. The exact
value of £ was obtalned from experimental meassurements and equation (8);
consequently, calculstions showing the effect of variatlons in £ are
not affected by experimental errors. These calcalatlons, in which £
was changed by 20 percent, were mede for high exit Mach numbers where
the effect of friction coefficient is the greatest. With the largest
heat~transfer rate (T'S/T ip = 3.08), the resultant change in pressure
was approximately 3 percent. In the case of no heat transfer, the pre-

sure change was gpproximately 5 percent. Thus, moderate errors in f
would not be serious in msny spplicetions when blade-entrance static

pressures are calculated.
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Evaluation of Perameters for Simplified Equations

In practice, equations (9) and (11) can be used for calculating the
blade-entrance Mach number M;, when the blade-exit Mach number Mg,

the friction coefficlent £, the blede span, the hydreulic dismeter,
the entrance-and the exit cooling-alr temperatures T'y, and T',,

the anguler velocity, snd the distance from the turbine center 1ine to
the blede entrance are known. Once M;, 1s computed, the blade-entrance

static pressure can be calculsted from equation (1). Because the use of
equations (9) and (11) requires a knowledge of the perameters @ and
¥, these parameters must be evaluated.

Experimental evaluation of ® for simplified equation. - For the
range of variables covered in this investigation, values of ¥ were
calculated for sll of the heat-transfer and no-heat-transfer dats points
by use of equation (10). The values of ¢, which varied from sbout
0.89 to 1.14, were plotted against M., in figure 8(a). Each tempera-

ture ratio or heast-transfer rate produced a separate curve. The curves
in figure 8(a) are too far apart for interpolating convenlently; there-
fore, a cross plot was made in figure 8(b) where ¢ was plotted against
temperature ratioc far a series of constant values of M,,. The experi-

mental data used in evalusting ¢ were obtalned in the 10-tube blade.
Therefore, figures 8(a) and (b) can be applied to a blade having a span
approximately the seme s thatof the 10-tube blade (3.92 in.) and
having the sasme heat input. For a blade having an external configuration
similar to the 1O-tube blade, the outside heat-transfer coefficient

would be approximetely 136 Btu per hour per square foot per ©F. The
effect of changes in blade span and heat- transfer rate on ¥ will be
discussed in a subsequent section.

Experimentsl evaluation of ¥ for simplified equation. - For the
range of veriables covered in this investigation, values of ¥ were
calculated for all of the heat-transfer and no-heat-transfer data points
by use of equation (12). Values of v, which varied from gbout 0.36 to
0.50, were plotted against M_  in figure g9(a) for four temperature

ratios. For convenience, a cross plot of figure 9(a) is presented in
figure 9(b) where ¥ 1s plotted against T! /T‘in for constant blade-

. exit Mach numbers. The data used in evaluating V¥ were obtalned only
on the 10-tube blade.

Influence of blade span and outside hegat-transfer coefficient
on ®. - The parameter @, which must be used in the simplified one-
dimensional flow equations, was obtained from experimental results for
the 10-tube blade. It is interesting to know, however, how @ varies
with blede span and heat-transfer rate. Therefcre, @ was evalusgted

Al
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analytically for blades having spans shorter and longer than that of the
10-tube blade, and for blades having an ocutside heat-transfer coefficient
half as large and twice as large as that obtalned for the 10-tube-blade
heat-transfer investigstions.

The blade span of the 10-tube blade was 3.92 inches. A longer
coolant passage might be expected to increase @ and a shorter passage
to decrease ® because both the Mach mumber and the tempersture would
undergo larger changes in s longer passage than in g shorter one. The
megnitudes of these changes were calculated from equation (10) by
extending the Mach mumber and cooling-air temperature-distribution curves
an additional Z2 inches of span, and then reducling the length of the curves
by 2 inches. The results of this calculation are shown in flgure 10,
where the correction for ¢ Iin percent is plotted agalinat the blade
span. The rate of change of cooling-alir tempersbure per unit length was
assumed to be the same in the additionsl span as Iin the original 10-tube-
blade span. Four temperature rgtios are shown in figure 10. For no
heat transfer (T'g/T';, = 1.00), the corrections in @ ere small, not

exceeding 1 percent over the whole range. The varliation over the range
of spans increases with the heat-transfer rate so that when the tempera-
ture ratio is 3.08, the ® correction varies from -9 percent st a 2-inch
span to 17 percent at a 6-inch span.

The other condition that was kept nearly constent during the hesat-
transfer investigations on the 10-tube blade was the outside heat-
trangsfer coefficient. The heat-transfer rate was varled by changing the
temperature of the hot gas. In order to £ind what change would occur in
® 1if the heat-transfer rate were varied by changing the outside gas
flow, calculations of @ were made for values of H, half as large and

twilce as large as the experimental value of 136 Btu per hour per square
foot per OF. The results of this calculatlon are shown in figure 11
where the percentage correctlion for ¢ is plotted against HE, for three

temperasture ratios. The magnltudes of these corrections are very similar
to those produced by changee in blade span, verying from 4 to -1 percent
for a tempergture ratio of 1.75 and from over 20 to -8 percent for a

tempersture ratio of 3.08. The largest correction (24 percent) occurred
for a temperature ratio of 3.08 and an Ho = 272 Btu per hour per square

foot per °F, which i1s quite high for an outside surface.

Effect of Changes in ¢ on Biade-Entrance-Pressure Calculaetions

Pressure calculations are affected by the values chosen for ®© vwhen
equation (9) 1s used. In order to find how the range of spans and heat-
transfer rates shown in figures 10 and 11 would affect the pressure cal-
culations, values of @ taken from figure 8 for three exit Mach numbers,
1.00, 0.424, gnd 0.242, were Increased and decreased by 25 percent and
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the corresponding pressure deviations were calculasted. For an increase
of 25 percent in @, the pressure changes were approximately 3, 4, and
5 percent, respectively. When @ was decreased 25 percent, the pressure
deviations were 4, 6, and 9 percent, respectively. Thus,over a range of
blade spans from 2 to 6 inches and a range of outside heat transfer
coefficlents from 68 to 272 Btu per hour per square foot per oF, the
simplified equation (equation (9)) and figure 8 should still give com-
puted pressures within spproximstely 5 percent of the actual values
unless both extreme differences should combine in the seme d.irection,
that i1s, & 6-inch span and a temperature ratic of 3.08, in which case
the error might be doubled.

Accuracy of Simplified Flow Equation When
Applied to a Rotating Turbine

In order to check the accuracy of the simplified flow equatlon
(equation (11)) as compared to the exact equation (equation (2)), a
limited mumber of examples were obtained wherein blade-entrance static
pressures were calculated for the 10-tube blade using equations (11) and
(1) and equations (2) and (1). High values of blade-exit Mach number
were used in these calculsgtions because the largest discrepancies between
the simplified and the exact equations wculd be acpected at high values

Of Mey-

A change of 25 percent in the parameter ¢ did not have a serious
effect on blade-entrance static pressures calculasted for a blade with a
stationery passage. Therefore, a value of @ obtained from figure 8
was used for @, in equation (11). The results of these calculations

show that blade-entrance static pressures calculated from the simplified
equation and equation (1) are within 0.50 percent of the values calcu-
lated from the exact equation and equation (1).

The conclusions reached from these calculations are: (a) the —
simplified equation (equation (11)) may be used in place of the exact
equation (equation (2)) and thus the tedious numerical integration
involved in the solution of equation (2) will be eliminated and (b) no
appreciable errors will result if values of @ obtained from figure 8
are used for @, in equation (11).

Entrance Effects
In eddition to the pressure drop through the test blade, the pressure

drop in the entrance section of the test blade was glso messured. The
curve used for obtaining the entrance loss coefficient in the entrance



ereg

NACA RM ES52DO1. L 23

Bection of the 10-tube blade is presented in figure 12. This curve was
plotted to determine the megnitude of the losses which occurred in the
entrance section of this air-cooled blade., According to reference 4,
the maximum velue of K which may be expected is 0.50. In this case,
however, a value of K = 0.905 was calculated from the experimental line
which was determined from equation (17). It is stated in reference 14
that a sudden contraction produces losses that can be completely deter-
mined only with the help of experimental date and that the maxlmum value
of K = 0.50 given in reference 4 is at most only an spproximstion. The
value of K = 0.905 cobtained for this particular blade-entrance section
is therefore not unreasonable. Also, it is evident from experimental
data that in many cases the pressure drop through the enitrance-blade
extension may be as large as that through the test blade.

The conclusion reached in this investigation of entrance sections
is thet such losses may be quite large, comparable with those inside the
blade, and they should be measured in any study of design performance.

RECOMMENDED PROCEDURE FOR CAICUILATION OF ROTATING
ATR-COOLED-BIADE FRESSURE DRCP

In msny air-cooled aircraft-engine gpplications, the cooling air
required for the engine would be bled from the engine compressor. The
blaede-entrance static pressure Pin is used in determining the compressor

bleed-point. It is desirable to calculate py, with the least amount

of effort; consequently, it is suggested that the simplified one-
dimensional f£low equation (equation (11)) be used in conjunction with
equation (1) to calculate an over-all pressure drop through a rotating
alr-cooled blade in order to eliminate the labor required in the numerilcal
integration of equation (2). In most practical gpplications of equa-
tion (11), the gas-to-blade and blade-to-coolant heat-transfer coeffi-
cients, the gas temperature, the reguired cooling-air welght flow, the
angular velocity of the turbine, and the blade geometry will be deter-
mined from the turbine- and the compressor-design calculations. The
solution of equation (11) for the determinstion of the blade-entrance
static pressure also requires that the blade~exit static pressure Dy,

the blade-entrance and -exit cooling-alr temperatues T';, and T' .,

and the blade-passage friction coefficient £ be known. The blade-exit
stetic pressure is generally assumed to be equal to the static pressure
of the combustion gas Just downstreem of the turbine; this assumption
has not been verified experimentally. The value of T';, required for

equation (11) is the seme as the value of T';, used in determining the
required cooling-air weight flow. In many cases this value of T'j;,,
which 1s used ss a first approximation, is usually equal to the total
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temperature of the air at the compressor exit. Once a value of T'y,
is extablished, T'g, may be determined from equations pregented in

reference 3, It is asgumed that the friction coefficlent 1s not affected
by rotation as long as the flow through the blade is one-dimensionsl.
Also, it was shown that a change of 20 percent in f did not have s
gserious effect on the blade-entrance pressure. It is suggested there-
fore, that a value of f be determined from wvon Karman's equation _
(equation (25)) wherein Re 1s based on the average cooling-air tempera—
ture in the blade.

After poy, T'ypn, T'ex» @nd f are determined, the procedure

outlined in appendix C 1s followed except that for a roteting turbine

the terms due to rotation are considered. Values for the parameters

®, and ¥ are determined from figures 8(b) and g$(b), respectively. If
the blade under considerstion has a span and an ocutside heat-transfer
coefficient different from those of the 1lO-tube blade, figures 10 and 11
sre used to correct the value of @, obtained from figure 8(b). It is not

necessary to correct . in this manner because over the range of values
observed for v, the factor 1+b/finy changes only 3 percent. Thus,

the maximum correction to ¥ similer to that required for Py would at
most change 1+b/r; ¥ only by 0.6 percent. :

The value obtained for Pin in conJunction with the pumping char-

acterlstics of the turbline rotor 1s used to determine the compressor
bleed-point. If the air temperature gt this bleed-point 1s significantly
different from the velue used for the initial value of T'y,, it may be

necessary to calculate a new value of cooling-air weight flow and blade-
entrance static pressure with a new value of T'y, based on the compres-

sor bleed-point temperature.

SUMMARY (OF RESULTS

The results of an investlgation wherein the pressure and temperature
changes in the cooling air flowing through two air-cooled turbine-blade
configurations were measured experimentally in a static cascede faor both
igothermal and nonisgothermal flows asre summsrized ss follows:

1. When no heat .transfer occurred, friction coefficlents obtained
for the 10-tube blade sgreed with vilues calculated from von Karmén's
equation for turbulent flow in smooth round pipes. Friction coefficients
obtaiped for the 13-fin blade were spproximately 11 percent below the
von Karman values,- but they were in sgreement with friction coefficients
obtained for small rectangular ducts of large aspect ratios.

LY
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2. When heat trensfer occurred, the friction coefficients decreased
from von Karman's values as the rate of heat transfer increassed. This
behavior is observed in turbulent-boundsry-lisyer theory. For a tempera-
ture ratio of 3.08, the friction coefficients for the 10-tube blede were
approximately 24 percent below the von Karmsn values.

3. A friction coefficient determined from von Karmén's equation may
be used with the simplified equation for calculations of blade pressure
drops if an error of 6 percent in the computed blade-entrance pressure
can be tolersted. If greaster accuracy is desired, von Kermsn's value of
f may be corrected for the effect of heat transfer.

4, Silmpiified one-dimensional flow equations were developed 1n
order to eliminate the lsbor involved in the numerical integration of
the exasct one-dimensional flow equation.

5. For air-cooled turbine blades other than the 10-tube blade used
in this investigation, that is, blades having spans from 2 to 6 inches,
outslde heat-transfer coefficients from 68 to 272 Btu per hour per square
foot per OF, and ratioc of hot-gas to cooling-gir temperature from 1.00
to 3.08; the simplified flow equetions and the uncorrected wvalues of the
egugtion parsmeters would still result in computed blade-entrance pres-
sures within gpproximstely 5 percent of the actual values unless both
extreme differences occur together, in which case the error could be
doubled.

6. The slmplified flow-equatlon pasrameter developed for static-
cascade blades may be used for blades in a rotating turbine.

7. Entrance losses to alr-cooled turbine blades may be quite large,
compared with the losses inside the blade, and should be measured in any
study of design performance.

Lewis Flight Propulsion Laborstory
Netiongl Advisory Committee for Aeronautics
Cleveland, Chio
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APPENDIX A - SYMBOLS

The symbols Cp» M, p, Re, T', w, k, v, 4, and p refer to air
pessing ineside blade extensions and blade passage. '

2Ts2 ¢ |

The properties “Cps k, p, and p are evaluated on the average of

the entrance and exit eir temperatures in the passage under consldera-
tion. : - -

The following syrbols are used in this report:

A flow ares, sq ft or sq in.

L) length or span, £t or in. -
cp, specific heat at constent pressure, Btu/(1b) (°F)

D, hyareulic dlamster, LSRRI E TS, £ or in.

F friction due to sudden comtraction, f£t-1b/1b fluid -
g friction coefficient T

f"w nondimensional measure of velocity gradient at the wall

standard acceleration of gravity, ft/sec?

1.1

H canvection heat-transfer coefficient, Btu/(hr)(sq £t)(°F)

Ia influence coefficient for term involving rate of area change - o
(equation (6))

I. function of Mach number and ratio of specific heats (equation (18))
I influence coefficient for term involving friction (equation (4))
Ir  influence coefficient for term involving rotation (equation (5))

Ip influence coefficient for term involving rate of temperature change
(equation (3))

K entrance loss coefficient (equation (17))
x thermal conductivity, Btu/(sec)(ft)(°F) -
1 perimeter, £t or in.

M Mach number relstive to blade - —
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Pr Prandtl number, ch./k

P measured static pressure, 1'b/ sq £t gbs. .(when used with subscript
¢ refers to calculated static pressure)

p' measured total pressure, 1b/sq £t abs..

qQ heat added to coolant, Btu/sec

R  gas constant, £t-1b/(1b)(°R)

Re Reynolds number, il A

r distance from turblne center line to any polnt on turbine blade,
ft or in.

T static temperature, °R

T total temperature, °R (when used with subscript g refers to air
or combustion ges passing over blade)

v velocity relative to blade passage, ft/sec

W air weight flow, 1b/sec

X distance along surface, ft or in.

¥y nondimensional coordinate, (rin +bb ikl = distang;izoxélpzfde exit

Y ratio of specific heats, 1.4

n viscosity, 1b/(£t)(sec)

o} mass density, l'b/cu £t

) parsmeter (see equation (10))

¥ parameter (see equstion (12))

(4] angular velocity, .radia.ns/ sec

Subscripts:

B blade

ex blade exit
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cambustion gas

temperature ratio, T'g/'l"in = 1.00 (isothermal)

inside of blade

blade entrance . U

mean value . . e e me e o
outside of blade

von Karman

wall

distance along surface

entrance plenum chamber.

exit plenum chember

entrance-blade extension

exit~-blade extension

rotating turbine

main stream

" NACA RM ESZDOL



L1

2152

NACA RM E52DO1 G 29
APPENDIX B

DERIVATION OF SIMPLIFIED ONE-DIMENSIONAL FLOW EQUATION

The momentum equation (equation (9) in reference 3) is

aM2  Ip gpr arp  Ip 20Prygdb b b Ip aa
& T T & T f{Dh T T ER ( +§E'y?£)]+'§a'y' (2)
where
M2 (1 + ) (1 + L MP)
T 1 - M2 =
it (1 + P
Ip = . (2)
1+ L2 M2
I = M2 (5)
2M2 (L + r5—1142)
h=-"T1_F% (6)

If the rotational term and the term for varylng blade-passage area are
eliminsted and equation (2) is divided through by Ig,

iaMzz

Ip
Ie Ie

Substitution of equations (3) and (4) in equation (Bl) yields

- Afb

5 dy (B1)

1

(1 -M2) av® _ (1 + yM®) &' _ 4fbdy (B2)
wt 1+ LClyzy o T Tn
or
(1 - %) a®  _ 1 am , yam gy (83)

wh (1 + w2y M
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Equation (B3) is integrated with the following limits:

M; framn Mexy to Mji,
T; from T'exy bto T'yp
Y3 from O to 1.0

For no heat transfer, eguation (B3) reduces to

Mex

where integration by partial fraction ylelds

Min
- +1.2 1n

NACA RM E52DOL1

Min 1.0
(1 -M) aw® _ f 4xTody
M& (1 + L;-]-‘-Mz) o Dy

2
(1 -3 a? 1 1 1+0.2M

(B4)

e
Mex

Mt (1 + LLwe) T Mex®  MypZ

>4

1.0
.f 4yfpdy _ _ 4yfb
o) Dp Dp

Therefore, equation (B4) may be integrated to

1 1 Mey? 1+ 0.2 M3, 2 4 e
—o = i 4 1.2 In X = +
Min®  Mex Min® 1 + 0.2 Meyx Dy

for the no-heat-transfer case.

For the case of heat transfer, equation (B3) becomes

4( E) 2 ‘inMin . .T'in . 1.0
L-M) M & e 4yfody
T o o ™

Min

= =
Mg, ME (1 + 55 uP) METT g

'exMex

1+ 0.2 Mex® Mip°

(BS)

(B6)

(7)

(B7)

2Isz



¢lbd

NACA RM E52D01 L g 31

By exact integration

?
in m
fT - fin (88)
- T
'T'ex Tt T ex
'inMindmz
The term . MZT cannot be integrated directly. It has been
t 1
exMex

determined from experimental evidence, however, that the true mean of
> equals the arithmetic mean of 1 within £12 percent. There-
M2 ME

fore, the parsmeter @ is introduced 1n order to evalugte the inbtegral
dﬂ:!
Mt
and the true mean of ﬁle—'- and 1s defined as
1 [(_1_ . J
MzT')in (MET')ex

P = - (10)
in
T'e - T ﬂe MZT'

Therefore, for the heat-tranefer case equation (B7) becomes

The paremeter @, a pure number, is a ratlo of the aritmetic

2 1+0.2 My,2 T'ex (T'arT'yp)
1 _.1 +121nMex2 inz_'_é:'rfb_l_rlnT'ex 1n( 1)
Min? Mex® MinZ 140.2 Meg®  Oh in C MEZTt/m
(9)

Equation (9) is & simplified one-dimensional flow equation for an ailr-
cocled turbine blade having a stetionary passage and a constant flow
area. For a rotating turbine, the blade coolant flow area is assumed to
be constant apd the values of Im, Ip, and Ip may be substituted in

equation ¢2). Thus, because of rotation equation (B3) will contain the
additionsl term

&R M2T Tin

20?r; b (1 + 5= MZ) b )dy (59)

For subsonic flow, MZ < 1.00, the term (1 + T;—lnz) does not have a



32 L NACA RM E52DO1

large range of values through the blade. Therefore, when this term is
integrated through the blade passage, a mean constant value can be used

for (l + I;—J‘Mz) without-much error. This mean value is

<l + %J;M2>m = lz‘- [(l + %J;Min2> + (1 + L;}-Mexz)} (B10)
Integration of equation (B9) ylelds
1.0 ( b b )
L+ o - oo y)dy
2Frigd <1 P = M2> f “in Tin (B11)
R m Jo M&T

Integration of the integral (B1ll) gives

RNV - © a4y __flof
<l+r1n>o e N M & (m2)

The integral f g'mz'.;?.‘ in equation (10) may be written in the form

1
dT M—ZT-—- because the cooling-alr temperature distribution curve is

1
assumed to be linesr in this investigatlon. When %g—— I'.I_g-yi:‘— is sub-

stituted in equation (10), the denacminator becames J(; 1.0 ﬁ%l— because
-aTt /8y = T'gy - T'yp. Thus, equation (10) becomes

1
MET' m

®= .
I

If equation (B13) is substituted into (B12) wherein ® becomes @, for
a rotating turbine, the result is

| fl.ofy dy ay
i( 1 14 270 o Mo
P \M?T /m *in fl-o ay
0

M2mt

(B13)

(B14)

2512
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or

1 1 b
=) |1+ =y (B15)
P (MZT')m [ Tin ]
if the parsmeter ¥ in equation (B15) 1s defined as
1.0 N dy
jo J; M2 Iy
v = 1.0 (12)
A
o MP

Then, for the case of a rotating turbine the simplified one-dimensionsal
flow equation may be written

Mex? 1 + 0.2 My, 2 + &fb T ox

1 1
+ rln—T,

+ 1.2 In +

Min?  Mey® Mip2 1+ 0.2 Mo, 2 Dn

T'éx'T'in< 1) 202 s b ( r-1 ) 1 ( 1 ( b
- — 1 Mg) =—|——] (1+ — 11)
®o MPTY e’ Tz n Do MZT')m Tin 1}’) (
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APPENDIX C
SAMPLE CATCULATION COF BLADE-ENTRANCE STATIC PRESSURE FOR 10-TUBE

BLATE WITH SIMPLIFIED EQUATION (T'g/T'in > 1.00)

The blade-entrance static pressure for a typical heat-transfer case
will be calculated using equations (9) and (1). The dasta required for
this numerical exsmple are as follows:

Ap 0.00126, sq £t
bp 0.327, £t
Dh,B 0.008615, ft
his 0.00565

Pex 1145, 1b/sq £t ebs

R 53.3, (£t-1b)/(1b)(°F)
T 1465°, R

T'in 459°, R

T'ey 6599, R

w 0.03932, 1b/sec

T 1.4

by 132,3X10~7, 1b/(sec)(ft)

The camputations are as follows:

Calculate Mgy from equation (18) and table I of reference 3.
Mgy = 0.7236

Now, 1t 1s desired to calculate My, &and p;,, from the simplified equa-
tion (9) and equation (1).
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1 1  Meyg® 140.2 My 2 4yfb T'ex (T‘ex'rin) 1\
—~ =—"7%+1.2 In 5 2+ p, trln g+ " \w2
Min ex Min% 140.2 Mey in ® MeTY/ m

(9)

The following quantities required in equation (9) are calculeted
from known experimental or calculated values.

—% = 1.910
>4
%% = 1.199
e
Tin m— = 0.506
in

(T‘e_x - T'j_n) = 200

Mex? 140.2 My,2
Min? 140.2 Mex®

It is now necessary to assume values for l1l.2 1n

and (T'oy - T'y,) (ﬁ'zl?l-)m so that a starting value for M:L]r-xz can be

determined. It ie suggested that a velue of 1.00 be assumed for

Max? 140.2 Myp2
l.2 In > for a starting value. The following wvalues are
Min? 140.2 Mex 1

suggested for (T'ey - T'i,) (i&TT'—)m.

It

(T'ey - T'yp) <150  assume 1.00

150 < (Ptey - T'3,) <200  assume 2.00

210 < (T', - Tt y,) S250 assume 3.00
260 < (T'ex - T'in) <300 assume 5.00
(T'ey - T'yy) >300  assume 10.00

By use of the known and the suggested velues for the verious terms
in equation (8), a starting value for can be obtained. '

M-_;_nz
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L = 1.910 + 1.000 + 1.199 + 0.506 + 2.000  (see equation (9))
Mip
1 = 6.615
Min’
from which

Min = 0.3888

Now, with Min = 0.3889 and Mex = 0.7236

+
2
N
=

E.N

Moy 1
in

1.2 = 5
Min® 1 + 0.2 Mex

and by using the arithmetic mean of ( .L_)
. T!‘

1 1

-+
1 (M:an T'in Mexz T'ex)

(Tex = T'an) { o) = Pex = 10 2 = L.731

The true value of (T' _-T', ) 2 ) can be obtained by determining ®@
ex = in’ \ p2q

from figure 8(b) as 1.119. Thus, the true value is

1.731
.19 = 1.547

Substitution of these new values in equation (9) gives

Lz = 1.910 + 1.405 + 1.199 + 0.506 + 1.547

Min'

——l—— = 6.567

Min2

This results in an error of 0.048 between the starting value and

final value of —=r. If .—=_ = 6.567 is used as the new starting
Min Min
value and the same procedure is follawed,

2 2

—%—z- = 6.550
Mig

2512
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There is an error of 0.017 between starting and finsl values of

My,2°
Now, 1—4—3-'—2 = 6.550 1is used as a starting value and the resulting final
in
value is
__1_2 = 6.543
Min
wilth an error of 0.007 between the starting and f£inal values of ﬁ
in
Because this error is Insignificant, —1—2- = 6.543 wlill be used. There-
in
fore,
My, = 0.3908

The blade~entrance static pressure is then calculated from equa-
tion (1)

-1
Aoy Moy [Trap [1 + 557 M2
D =D

inje  Tex Ajy My, [T oy 1+L§lM1 2

(1145) 000126 07236 459 1+o.2(o.7236)2
O 00126 0 3908 9 l+0.2(0.3908)2

1832 1b/sq £t abs

The observed value of p;. 1s 1835 1b/sq £t &bs
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APPENDIX D

THEORETICAL EFFECT OF HEAT TRANSFER ON FRICTION COEFFICIENT

NACA RM E52D01

It is shown in reference 15 that in the case of a lamlnar boundsary

layer the frictiom coefficlent is

2f"y; Top

" Voexw v

g

(p1)

where f"w is & nondimensional measure of the velocity gradient at the
wall, T, is the stream temperature, and Ty 1s the wall temperature.

In reference 14, the Reynolda number of equation (D1) i1s defined as

Voo Py
“’W

Rex,w =

whereas in the present investigation

Thus, for this investigation equation (D1) beccmes

arm T, [Peo Hw

VRex,w TW pw u&

When the followlng equallties are used:

hig

oo - (Tm)OJ
My \Ty
and
(%)
Py S

Equation (D4) becomes

(p2)

(p3)

(Da)

(D5)

(D6)

Zise
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0.15 .
2" T
P (.2) (D7)

,,/Rex,m Tw
If the temperature ratio is 1.00, equation (D7) becomes

zfll
£ =__E,_I (DB)

f\/Rex .

2

s0 that
" 0.15
T £ W Too
il Ll (22)
I w, I \'W

If the boundary layer becomes turbulent, then £ will vary as
Re~0-2 instead of Re~0'® and thus for the turbulent case equation (D9)

becomes
f“ <T )Ooes
i if W o5
= e == (p10)
fr Ty, \H

Velues of f"w’ given in table II of reference 15 for an Euler
number of 1.00, appear in the first two columns of the following table.

The values appearing in the remaining columns are calculated gccording
to the indicated headings. .

1 2 3 4 5 6
T T _\0.15 | /T_\0.66

© © <) g T
= | £" <—> <—-> = (leminar) | = {turbulent)
Tty \E e T £

Equation (D9)| Equation (D10)

2 | 0.900 | 1.1310 1.580 0.810 1.161
1}1.233 | 1 1 1 1

1/2| 1.800 .901 .633 1.315 .924

1/a| 2.784 .812 401 1.833 .905
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The values of f£"_ shown in column 2 are for the laminar case, not
the turbulent one. The relative values of £, are not known exactly

for the turbulent boundary lesyer, but it is known that the effects of—
changing the pressure gradient and the wall temperature are proportion-
gtely less for e turbulent boundary layer then for a lsminar one. For -
exemple, the effect of a varisble wall temperature on the heat-transfer
coefficient (analogous to "y according to Reynolds) hae been calculated

for a laminer boundary layer in reference 18, and for a turbulent boundery

layer in reference 17. For the same wall-temperature variation, the
ratio H/HI is consistently smaller for the turbulent lasyer. Therefore,

the relative increase of f", should be smaller and the relative decrease
of f£/f; in column 6 should be larger than that shown. In conclusion

then, the trend shown in column 6 should be correct but the megnitude is
probably too small.
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TABLE I - SUMMARY OF OPERATING CONDITIONS <;:E§§g:7’
Blade |Number | Type of investigation|Approximate|Approximate|Cooling-air
of gas temper- |cooling-sir|weight flow
runs ature " |temperature|{per blede
(°F) (°r) (1b/sec)
10-Tube| 25 | No heat transfer 100° 100 0.006-0.051
8 Heat transfer 300 -30 .011~ .057
o] Reverse heat transfer 100 500 012~ 037
3] Reverse heat transfer 100 300 .0l4- ,048
10 No heat transfer 100 100 ,012- ,051
8 Heat transfer 1000 -30 .018- 049
10 No heéat transfer 100 100 .010- ,053
8 Heat transfer 1000 =30 .0X6~ ,052
10 Heat transfer 600 -30Q .017- .053
13 Fin 24 No heat transfer 85 85 0.008-0.063

oTqR
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Figure 2. - Cascade geometry.
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10-tube blade

C-28728

Figure 3. - Cross-sectional view of alr-cooled turbine-blade configurations used in this
investigation.
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Friction coefficient, f

A 47
a o
von KArmén's equetion
1 —
(T s/T'in = 1.00)
o)
.010 —~]
.008 — %-a
\\
.008 e~
o i
.004
(a) T'g/T'in = 0.57.
.020
lo]
.010 ~——
) o
.008 B o
\O °
~—
.006 e —
\
|®)
NAGR
. 004 I
2000 4000 10,000 20,000 40,000

Reynolds number, Re

(b) T'g/T'y, = 0.73.

Figure 5. - Effect of heat transfer on friction coefficient for

J10-tube blade.



48

Friction coefficient, £
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tion coefficient for 10-tube bhldde.
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